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65 • DESs are promising compounds for organic chemistry and pharmacy. 
66 • Despite their advantages as reaction media, there is controversy about their toxicity.
67  Their toxicity was mainly assayed by antibiograms, which is not an accurate approach 
68 for DESs.
69  New guidelines for DESs toxicity monitoring are presented.

























94 Deep eutectic solvents (DESs) were described at the beginning of this century as an 
95 alternative to ionic liquids (ILs) in green chemistry.  Despite their obvious sustainable 
96 advantages as reaction media, there is still controversy about their potential toxicity. 
97 Most of the ecotoxicity assays done up to now involving DESs are based on 
98 antibiograms. This is not a good approach due to the high density and viscosity of 
99 most DESs already described. Additionally, antibiograms do not allow continuous 
100 monitoring of neither cellular growth nor changes on physicochemical parameters 
101 like culture acidification due to cellular growth or DESs metabolization. This work 
102 starts by displaying advantages and disadvantages of the DESs toxicity assays already 
103 reported. Then, using a new DES recently described and Escherichia coli as a model 
104 microorganism, liquid cultures with continuous monitoring of pH, temperature, 
105 shaking and optical density have been used, for the first time, to quantify potential 
106 toxicity of the DES as well as the degree of the cellular tolerance (in preadapted and 
107 non-preadapted cells). The results obtained show that this new DES is not toxic for E. 
108 coli at concentrations up to 300 mM and cellular preadaptation was crucial for the 
109 cells to grow.  At concentrations between 300 mM and 450 mM, cells can tolerate 
110 this DES. Above 600 mM, the DES is toxic causing complete inhibition of growth. This 
111 toxicity is not only due to the chemical composition of the DES, but also due to the 
112 high acidification of the media caused by the DES hydrolysis during cellular growth. 
113 The consequences of sterilization procedures on the DES stability are also analysed 
114 into detail, finding that sterilization by autoclave promotes DES hydrolysis. From 
115 these results, new guidelines are proposed for furthers studies aiming to characterize 
116 and quantify DESs toxicity.
117
118







125 Deep eutectic solvents (DESs) are solvents generally formed by mixing a variety of 
126 quaternary ammonium salts with a Brønsted or Lewis acid compound in certain 
127 proportion. They were described for the first time at the beginning of this century as 
128 an alternative to ionic liquids (ILs) in green chemistry and catalysis (Abbott et al., 2004; 
129 Xu et al., 2017). Since that time around 800 papers have been published about DES 
130 (Date of access to PubMed and Scopus: 15 July 2019), involving subjects like: i) 
131 synthesis of new DES including their physicochemical characterisation (Marset et al., 
132 2019; Zhang et al., 2012); ii) potential applications of DES as green solvent in 
133 biocatalysis (both, in presence or absence of enzymes and/or cells of biotechnological 
134 interest) (Gorke et al., 2008; Gutiérrez et al., 2010; Lindberg et al., 2010; Zhao et al., 
135 2011; Lynam  et al., 2017; Gotor-Fernández et al., 2019; Pätzold et al., 2019); iii) DES as 
136 ingredients for drugs synthesis, solubilization and delivery (Morrison et al., 2009; 
137 Pedro et al., 2019; Gutiérrez et al., 2019);  iv) DES and/or NADES (Natural Deep 
138 Eutectic Solvents) as solvent for extraction of biomolecules like polysaccharides, 
139 proteins, alkaloids, phenolic compounds or other natural compounds like chitin, 
140 pigments, flavonoids, κ-carrageenan, dyes (Gu et al., 2014; Pena-Pereira et al., 2014; 
141 Zeng et al., 2014; García et al., 2016; Zhu et al., 2017; Zhuang et al., 2017; Saravana et 
142 al., 2018; Takla et al., 2018; Zdanowicz et al., 2018; Zhang et al., 2018; Huang et al., 
143 2019) or v) DES as media for structural studies of nucleic acids (Mamajanov et al., 
144 2010; Zhao et al., 2013a; Zhao et al., 2013b). More recently, DES-based molecularly 
145 imprinted polymers or DES-functionalised nanotubes have been developed and 
146 implemented at industrial scale for the removal of contaminants from wastewater or 
147 for the screening on antibiotics in biological fluids like milk (AlOmar et al., 2017; Tang 
148 et al., 2017; Chen et al., 2018).
149 Combinations of DES applications with other techniques or approaches such as 
150 nanoparticles/nanospheres and electrochemistry have also been reported (Nkuku and 
151 LeSuer, 2007; Abbott et al., 2009; Sheng et al., 2012). The main results described up to 
152 now reveal DESs as promising solvents not only for green chemical industries (Dai et 
153 al., 2013), but also for those related to cosmetics, food, pharmacy, biotechnology and 
154 biomedicine (Wagle et al., 2014; Cvjetko Bubalo et al., 2016; Li et al., 2016; Mbous et 
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155 al., 2017; Aydin et al., 2018; Jablonský et al., 2018; Procentese et al., 2018; Santos et 
156 al., 2018; Yoo et al., 2018).
157 In order to consider DESs as environmental friendly solvents, their real toxicity as well 
158 as their potential biodegradability must be stablished (Radošević et al., 2015). Studies 
159 regarding these facts have been performed to a lesser extent; mainly using prokaryotic 
160 microbes (Juneidi et al., 2016) and in some cases eukaryotic organisms (Radošević et 
161 al., 2016; Dai et al., 2014). Nevertheless, there is still controversy about their potential 
162 toxicity (Hayyan et al., 2013a). Whilst several reports support the theory that DESs are 
163 non-toxic, eco-friendly, biodegradable and benign solvents, others demonstrate the 
164 opposite (Hayyan et al., 2015; Hebert et al., 2016). In general terms, it has been 
165 assumed that they are not toxic and environmentally friendly because most of the DES 
166 components are naturally occurring, bio-renewable, biodegradable or can be bio-
167 assimilated.
168 The standard protocols to study the cytotoxicity of new chemical components 
169 (such as the disk test) are not accurate in the case of DESs. The high viscosity, among 
170 other characteristics, makes the use of new methodologies to assess their biological 
171 toxicity essential. This microbiological study presents, for the first time, the continuous 
172 monitoring of various parameters (such as growth and pH) in liquid cultures with 
173 different concentrations of DES. This new protocol has revealed advantages in terms of 
174 biocompatibility, toxicity and tolerance. 
175
176 2. Materials and Methods.
177 2.1. Synthesis of DES.
178 A recently described DES has been used in this study to optimize new protocols 
179 and guidelines for checking its toxicity. In brief, DES was synthesized using 
180 acetylcholine chloride (AcChCl):acetamide (1:2) as components. This was used as 
181 reaction medium to produce sulphonamides using a copper-catalysed process starting 
182 from triarylbismuthines, Na2S2O5 and nitro compounds (Marset et al., 2019).
183
184 2.2. Microbial strain, culture media and incubation conditions.
185 The microorganism used in this study to test the toxicity, tolerance and the 
186 potential assimilation of the DES described here was Escherichia coli BL21 (DE3) 
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187 (Novagen). This microbe is a good example of a bacterial model organism extensively 
188 used in molecular biology, microbiology and genetic engineering due to its short 
189 generation time and large relevance in applied microbiology and biotechnology 
190 processes like protein overexpression (Kim et al., 2017).  
191 The incubation experiments were conducted in 250 mL Erlenmeyers with 50 mL 
192 of Luria-Bertani medium (LB) following two strategies (Sezonov et al., 2007). On one 
193 hand, the initial pH of the culture media was adjusted to 7.0 using NaOH or HCl. 
194 Alternatively, the culture media were buffered with Tris-HCl 100 mM, adjusting the 
195 initial pH to 7.0. In all cases, pH was continuously monitored. The media was 
196 inoculated with 50 L of a pre-inoculum of cells previously grown in standard LB media 
197 until the stationary phase of growth or with 50 L of E. coli cells previously grown in LB 
198 media supplemented with DES at a lower concentration than the one tested in each 
199 assay. In all cases, the cells were grown at 37 C with constant shaking (180 rpm). The 
200 growth of the bacterium was monitored by measuring the absorbance at 600 nm. All 
201 the physiological studies were done in triplicate.
202 In order to test the toxicity/tolerance of the DES, the media were supplemented 
203 with it, having final concentrations between 0 (control) and 750 mM. Likewise, the 
204 potential toxicity of the components that form this DES was also evaluated separately: 
205 acetylcholine chloride (AcChCl) and acetamide (MeCONH2). The concentrations used 
206 were 600 mM and 1.2 M, respectively, which correspond to those contained in the 
207 mixture of DES at 600 mM (maximum concentration at which cell growth was 
208 detected). DES, acetylcholine chloride and acetamide were sterilised by following two 
209 approaches: they were either added to the culture media before autoclaving them at 
210 120 C for 30 minutes; or the DES was sterilized by UV and acetylcholine chloride and 
211 acetamide were filtered through 0.22 µm size filter and then added to the sterilised 
212 culture media. 
213 The inhibition effect of the DES, AcChCl and MeCONH2 was estimated by using 
214 the inhibition index (I) defined as: I = (Ao – A) / Ao * 100% (Kommanee et al., 2012), 
215 where Ao and A are the absorbances at 600 nm for the cultures in the absence and 





220 3.1. Analysis of pH changes in the culture media during the cell growth in the 
221 presence of DES.
222 A few studies about the toxicity of DES using bacteria as model organisms 
223 suggest that pH decreases significantly in culture media supplemented with DES, 
224 however, pH has not been continuously monitored in these studies (Dai et al., 2014). 
225 For this reason, the first analysis introduced in this study was the continuous checking 
226 of pH in buffered and unbuffered culture media supplemented with DES, acetylcholine 
227 chloride (AcChCl) or acetamide (MeCONH2). The most dramatic pH depletion was 
228 detected in those unbuffered media in which DES or AcChCl were added to the culture 
229 media before autoclaving. Table 1 summarizes pH values at different time during the 
230 cell growth comparing buffered and unbuffered media. Even when the cultures were 
231 buffered, pH of the media containing DES or AcChCl decreased significantly (down to 
232 4.4 in unbuffered DES-containing cultures and 4.5 in unbuffered and buffered AcChCl-
233 containing cultures). The inoculation of the cultures and subsequent growth of the 
234 cells slightly increases the pH value as expected in the case of the controls and in the 





240 When the DES, AcChCl or MeCONH2 were previously sterilised by UV or filtration 
241 respectively, and then added to the sterilised media, the changes of pH values were 
242 smaller (down to 5.3 as final pH in some of the cultures). In order to identify the 
243 magnitude of the contribution of autoclave and microbial metabolism to pH depletion, 
244 pH values were monitored in non-inoculated culture media containing two different 
245 concentrations of DES (150 mM and 600 mM). These cultures were incubated for the 
246 same period, under the same shaking and temperature conditions. After 24 hours of 
247 incubation, the final pH measured in sterile cultures with 600 mM of DES was 6.05 
248 (Supplementary Table S1), which was much higher than the value for the same DES 
249 concentration inoculated with cells (Table 1).
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250 From the results displayed in Table 1 and Supplementary Table S1, it is possible 
251 to conclude that the sterilization process based on autoclave may promote DES 
252 hydrolysis and probably reactions involving AcChCl, which contribute to pH 
253 acidification. DES hydrolysis and the consequent pH depletion also take place during 
254 the incubation, due to the culture media (Supplementary Table S1). E. coli growth and 
255 its metabolic activity is also involved in pH depletion. 
256
257 3.2. Analysis of E. coli growth in the presence of different DES concentrations
258 To analyse E. coli tolerance and therefore the potential DES toxicity, cells were 
259 grown in buffered LB media supplemented with 600 mM DES and inoculated with E. 
260 coli cells grown in standard LB media (non-preadapted cells). This DES concentration 
261 was chosen based on the concentrations previously reported in the literature 
262 (Coleman et al., 2010). Cells were not able to grow under these conditions and the 
263 preliminary conclusion pointed out by the authors in this work was that 600 mM DES is 
264 toxic for this bacterium. It is important to highlight that microorganisms in general can 
265 induce specific reactions or pathways when they are exposed to compounds that are 
266 unusual in their natural environments or microcosmos in the laboratory. Considering 
267 this, several physiological studies were done to analyse the growth of pre-adapted E. 
268 coli cells. Thus, cells grown in the presence of 150 mM DES were used as inoculum for 
269 cultures containing 300 mM, etc. Figure 1 displays the growth curves of E. coli pre-





275 The curves summarized in Figure 1 show two different patterns. The control 
276 curve shows the expected pattern in which a short Lag phase is followed by an 
277 exponential phase of growth (Lag phase) and then by a stationary phase of growth in 
278 which the maximum optical density (OD) observed was around 4. Shortly after 15 
279 hours of incubation, the death phase starts. Curves from culture media containing 150 
280 mM and 300 mM DES showed similar pattern and the final OD was close to 4. 
281 Regarding the cultures supplemented with 150 mM DES, two different curves can be 
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282 distinguished in Figure 1: one was obtained from culture media inoculated with cells 
283 from the standard culture (LB with no DES), and the other was measured from cultures 
284 in which cells used as inoculum were previously grown at 150 mM DES (preadapted 
285 cells). The differences found were clear; the culture inoculated with preadapted cells 
286 reduced its adaptation time (Lag phase) by two hours and cell duplication rate was 
287 increased (the slope of exponential phase of growth goes from 0.464 to 0.504). 
288 Therefore, better results in terms of cellular growth were obtained with preadapted 
289 cells thus suggesting that E. coli can deal with DES at least at concentrations between 0 
290 and 300 mM. The cell inhibition rate remains below 6% in all these cases (Table 2).
291 In order to identify the maximum concentration of DES tolerated/assimilated by 
292 E. coli, the rest of the cultures with higher DES concentrations were always inoculated 
293 with cells pre-adapted to the concentration of DES immediately prior to the exposure. 
294 When the limit of 300 mM was exceeded, cellular adaptation started. At 
295 concentrations of 450 and 600 mM, the growth curves showed diauxic form and higher 
296 Lag phase. Diauxic curves have been previously reported from E. coli and many other 
297 bacteria (diphasic growth represented by two growth curves intervened by a short lag 
298 phase). These could be the result of: i) cellular growth usually using two different 
299 substrates at a different time (one of the substrates could be used preferentially and 
300 when it is exhausted, the second substrate is metabolised), or, ii) cellular growth 
301 affected by physicochemical parameters that can be changing during the incubation 
302 period. The maximum OD shown by the cultures with 450 mM DES was slightly higher 
303 (up to 4.5) than those reported from cultures with lower DES concentration. This 
304 profile could suggest that pre-adapted E. coli cells were able to grow nicely in the 
305 presence of 450 mM DES and may metabolise the DES or its derivatives when the DES 
306 is hydrolysed.
307 In the case of 600 mM, the percentage of cellular inhibition exceeded 30%, the 
308 Lag phase of growth increased significantly, and the final OD is half of the OD density 
309 reached by the other cultures. These results suggested that concentrations around 600 






315 The highest concentration tested in our experiments was 750 mM, at this 
316 concentration cell growth was not detected. Consequently, the DES concentrations 
317 above this value are toxic for E. coli. 
318
319 3.3. Analysis of pH changes in culture media in the presence of the individual 
320 components of the DES: AcChCl and MeCONH2 during E. coli growth
321 Regarding to the potential toxicity of the individual components of the DES here 
322 described (acetylcholine chloride – AcChCl – and acetamide – MeCONH2 -), E. coli cells 
323 were grown in the presence of 600 mM DES (higher DES concentration allowing 
324 cellular growth) as well as in the presence of the two individual components at their 






331 The value of the Lag phase is closed in the three cultures (DES, AcChCl and 
332 MeCONH2; between 25 and 28 hours) but is higher than the Lag phase observed in 
333 control cultures. Final maximum OD in MeCONH2-culture is higher than in control 
334 cultures. However, final OD in DES and AcChCl cultures (around 2.5) is lower than in 
335 control cultures. DES is more toxic than its constituent elements separately, based on 
336 the higher inhibition percentage and the lower duplication tax (Supplementary Table 
337 S2). pH decrease was observed in both AcChCl-cultures and MeCONH2-cultures with 
338 6.5 vs 7.4 at the end of the stationary phase of growth respectively. This depletion was 
339 higher in the presence of AcChCl, which correlates to the lower cellular growth 
340 detected in these cultures compared to MeCONH2-cultures. Comparing the cellular 
341 rates from the DES, AcChCl and MeCONH2 cultures, it can be concluded that the 
342 individual components are less toxic than the DES (mixture of two components in 1:2 
343 ratio) as has been previously reported for most of DESs described up to now.
344
345 4. Discussion. 
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346 New advances on the knowledge of applied organic chemistry, biomedicine, 
347 pharmacy, nanotechnologies and materials sciences are contributing to the 
348 improvement of several industrial/technical processes at global scale.  However, there 
349 is a concern about the importance of assessing risks of environmental pollutants 
350 obtained in those processes (Nilsen et al., 2019; Vita et al., 2018). Thus, several recent 
351 works address new guidelines and approaches to optimize the assessment of the quite 
352 recently environmental risks in both, terrestrial and aquatic environments (Song et al., 
353 2018; Zhang et al., 2019; Shiyuan et al. 2019). This work contributes to the knowledge 
354 of assessing risks of environmental pollutants, as it is the case of DESs as potential 
355 environmental contaminants. The search of literature focused on DESs using PubMed 
356 or Scopus as search engines revealed that around 800 papers have been published 
357 during the last 15 years (date of access 18 July 2019). The first studies were reported at 
358 the beginning of this century, but 90% of them have been mainly published during the 
359 last 5 years. Considering the recent high impact of these kind of solvents, it is worthy 
360 to highlight that only around 50 of these studies, analyse or discuss about potential 
361 toxicity on DESs (PubMed; “Deep eutectic solvents” AND “toxicity” as keywords). The 
362 study of DES toxicity is a quite new topic for research. Thus, the first approach for 
363 testing toxicity of choline chloride (ChCl) based DESs used two Gram positive bacteria 
364 Bacillus subtilis and Staphylococcus aureus, and two Gram negative bacteria 
365 Escherichia coli and Pseudomonas aeruginosa. The cytotoxic effect of choline chloride 
366 (ChCl) based DESs was tested using the Artemia salina leach at that time (Hayyan et al., 
367 2013a). Shortly after this study, some others stated that DESs toxicological effects are 
368 different based on their components, and usually, the cytotoxicity of tested DESs was 
369 much higher than that of their individual components (Hayyan et al., 2013b).
370 More recent studies have tested the toxicity of choline chloride-based DESs, with 
371 glucose, glycerol and oxalic acid as hydrogen bond donors, using fish and human cell 
372 lines, phytotoxicity using wheat and biodegradability using wastewater 
373 microorganisms through closed bottle test (Radošević et al., 2015). The cytotoxic 
374 potential of ammonium-based DESs with four hydrogen bond donors has also been 
375 studied using a variety of cell lines in vitro and animal model in vivo (Hayyan et al., 
376 2015; Chen et al., 2017; Macário et al., 2019). Other organisms chosen as model 
377 organisms for testing DESs toxicity have been the following: Allium sativum (plant) and 
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378 hydra (invertebrate) (Wen et al., 2015), several eukaryotic microorganisms like 
379 Phanerochaete chrysosporium, Aspergillus niger, Lentinus tigrinus and Candida 
380 cylindracea (Juneidi et al., 2016) and fish cell lines (Radošević et al., 2016)
381 Although the examined DESs showed in general less cytotoxicity compared with 
382 ionic liquids (Kudłak et al., 2015), not all DESs can be considered readily biodegradable 
383 or environmentally friendly (Wen et al., 2015). Besides, most of the test used up to 
384 now to monitor DESs toxicity, are based on antibiograms and cells are not usually 
385 preadapted. Considering that DESs are normally highly dense and viscous solvents, the 
386 approaches already used in most of the cases do not guarantee accurate assays in 
387 which DESs could diffuse and interact efficiently with the cells or microbes. 
388 Consequently, more investigation on this matter are required in order to provide 
389 specific and optimised protocols for testing DESs toxicity thus avoiding 
390 misunderstanding or wrong conclusions about potential negative effects of DESs.
391 A deep analysis of all studies reported up to now about the toxicity and 
392 biodegradability of DESs reveals that:
393 - A large proportion of DESs are considered as “biodegradable” because most the 
394 components forming DESs are natural products. However, in most of the reports, 
395 accurate experiments to test biodegradability have not been conducted. 
396 - The terms biodegradation, assimilation, toxicity, tolerance and recycling are 
397 usually used in a confusing way in several studies based on DESs. Biodegradation 
398 involves degradation, transformation or accumulation of DESs or its derivatives within 
399 the cells. Assimilation involves the use of DESs as a source of nutrients for the growth 
400 of cells. Tolerance implies an increase of the biomass in a specific range of 
401 concentrations, but above the maximum concentration, cell growth and its 
402 metabolism become inhibited. 
403 - In many of the experiments done with microbial cells to test the toxicity of 
404 DESs, parameters like rate of growth, time of incubation, OD at stationary phase of 
405 growth, pH of the media in unbuffered and buffered media are not continuously 
406 monitored. This is also true of some studies previously done using bacteria as model 
407 organism (Wen et al., 2015). As reported here, the addition of DES to the culture 
408 media promotes pH decrease. In addition to this, the process to sterilise the culture 
409 media or DES stock is also directly connected to pH decrease. This phenomenon was 
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410 also previously described in the literature (Dai et al., 2014). In our study, pH depletion 
411 due to DES hydrolysis or spontaneous reactions involving MeCONH2, more significantly 
412 affects cellular proliferation and metabolic rates, than the DES or its singular 
413 components themselves. 
414 - Toxicity can be measured by different approaches. In most of the reported 
415 works, toxicity is checked by using solid culture media in plates with disks in which DES 
416 is embedded (antibiogram-like test) (Zhao et al., 2015). This approach has an 
417 important limitation due to the high density and viscosity characterising most of the 
418 DESs described so far (Xu et al., 2017). These two properties restrict DESs diffusion 
419 from the disk to its surroundings, thus giving results that may not reflect real 
420 interaction between DESs and cells. Analysis of toxicity in liquid media minimizes this 
421 negative impact, especially in those cases in which DESs are particularly dense or show 
422 high viscosity.
423 - Biodegradability of DES (aerobic biodegradability) is usually evaluated using a 
424 closed bottle test, in which DESs are added to aerobic aqueous media inoculated with 
425 wastewater microorganisms, and the depletion of dissolved O2 is periodically 
426 determined (Coleman et al., 2010). The biodegradation test is normally considered as 
427 valid if a 60% ThOD is achieved within 14 d for reference compound, and chemicals are 
428 deemed to be readily biodegradable if they can reach a biodegradation level higher 
429 than 60% within a 28-d period (OECD, 1992). However, most of the microbial strains 
430 used in previous studies are microaerobic, anaerobic or can switch their metabolism 
431 from highly oxic conditions to highly anoxic conditions. These aspects usually are not 
432 considered in the test of biodegradability done with DESs reported so far.
433 - Crossed reactions between DESs and the salts/nutrients of the culture media 
434 have not been considered in the toxicity studies. Hydrolysation of DESs could occur in 
435 liquid culture media thus promoting crossing reactions between the products of the 
436 DES hydrolysations and the salts, amino acids, carbohydrates, etc. within the culture 
437 media. Besides, recent studies demonstrate that the DES water content, as well as the 
438 formation of water shell layers are important in order to keep stable their 
439 nanostructure (Hammond et al., 2017; Ma et al., 2018; Kumari et al., 2018). 
440 - None of the studies reported up to now have considered testing the 
441 preadaptation of cells to the DESs. Because of this, there is a loss of information in 
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442 terms of real capability of the cells to tolerate or even assimilate DESs. This study has 
443 demonstrated that under single assays in the presence of 600 mM DES the DES 
444 described here is toxic for the cells. However, when they were pre-adapted to this 
445 concentration, growth could be monitored. Consequently, we suggest including this 
446 parameter (cellular pre-adaptation) in further studies, in order to described more 
447 accurately the extent to which DESs are toxic to microbes.
448
449 5. Conclusions.
450 The new DES here tested is not toxic for E. coli, and maybe for other similar 
451 species, at concentrations between 0 and 300 mM. The DES used in this range of 
452 concentrations could be labelled as “environmentally friendly”. At concentrations 
453 between 300 mM and 450 mM, cells can tolerate the DES, even though cellular growth 
454 and metabolic activities are slightly affected by it (typical microbial growth curves 
455 change to diauxic –diphasic- or triauxic –triphasic- curves and Lag times are higher 
456 than those observe at lower DES concentrations). Above 600 mM, the DES is toxic 
457 causing complete inhibition of growth. This toxicity is not only due to the chemical 
458 composition of the DES, but also due to the high acidification of the media caused by 
459 DES hydrolysis. Thus, concentrations above 600 mM could allow its use as bactericide 
460 or even to explore potential inhibitory effect on tumoral cells. The assays described 
461 here have demonstrated that the type of culture used to test toxicity, preadaptation of 
462 the cells used as a model to check cytotoxicity or the methods used to sterilise DESs 
463 can significantly affect the results when evaluating the degree of toxicity of DESs. 
464 Therefore, new guidelines and recommendations must be implemented in order to get 
465 accurate results when describing DES toxicity: i) liquid culture media vs solid media or 
466 antibiograms; ii) preadapted cells/tissues/seeds vs. non preadapted 
467 cells/tissues/seeds; iii) continuous monitoring of OD, pH, temperature, radiation, etc. 
468 during the cellular incubation in the presence of DES vs. the absence of continuous 
469 monitoring of these parameters, iv) buffered culture media vs. unbuffered cultures 
470 and v) sterilization of DES by UV or filtration (0.22 um filters) vs. sterilization by 
471 autoclave.
16
472 More investigation is still required, and some interesting questions arise for the 
473 next future: Which are the molecular bases beyond DESs toxicity? Are there 
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829 Table 1: Average of pH values from three biological replicates of buffered and unbuffered culture media 
830 during the cell growth. (*) means “buffered”. AcChCl corresponds to acetylcholine chloride and 
831 MeCONH2 to acetamide. Final DES concentration was 600 mM. When AcChCl and MeCONH2 were tested 
832 separately, their final concentrations were those contained in the mixture of DES at 600 mM (see 
833 materials and methods). C corresponds to control media in which LB is not supplemented neither DES 





C C* DES DES* AcChCl AcChCl* MeCONH2 MeCONH2*
0 before autoclave 7.0 7.0 6.9 6.9 6.9 6.9 6.9 7 .0
0 after autoclave and 
before cells 
inoculation
7.2 7.0 4.5 4.7 4.5 4.7 6.6 7.0
5.0 7.5 6.8 4.4 4.6 4.5 4.5 6.4 6.9
10.3 8.0 7.1 4.5 4.6 4.4 4.6 6.9 6.8
23.0 8.5 8.1 4.5 4.7 4.4 4.6 8.4 7.7
48.0 8.4 8.1 4.5 4.8 4.5 4.7 8.5 7.9
837
838
839 Table 2: Summary of parameters regarding cellular growth and percentage of growth inhibition in 
840 culture media supplemented with different concentrations of the DES. The DES was sterilised by UV and 























0 0.67 0.99 0 3.75 6.87 6.77
28
150* 0.46 0.99 4.76 7.50 6.65 6.61
150 0.50 0.97 5.57 5.50 6.53 6.53
300 0.40 0.99 0.00 2.00 6.72 6.63
450 0.43 0.97 0.00 28.50 6.60 6.10
600 0.53 0.94 32.57 28.50 5.80 5.80





























848 Figure 1: E. coli growth curves. Cells were grown in LB media supplemented with different 
849 concentrations of DES. Legend of colours: Orange = control (LB media without DES); Yellow = LB + 150 
850 mM DES inoculated with pre-adapted cells; Grey = LB + 150 mM DES inoculated with non-pre-adapted 
851 cells; light blue = LB + 300 mM DES and preadapted cells; green = LB + 450 mM DES and preadapted 
852 cells: dark blue = LB + 600 mM DES and preadapted cells; dark red = LB + 750 mM DES and preadapted 
853 cells. For each curve, the dots correspond to the average of three values obtained from three biological 







































859 Figure 2: E. coli growth curves. Cells were grown in buffered LB media supplemented with 600 mM DES, 
860 600 mM AcChCl or 1.2 M MeCONH2. DES was sterilised by UV and then added to sterilised media. 
861 AcChCl and MeCONH2 were sterilised by filtration and then added to sterilised media. Legend of colours: 
862 Blue = control (LB media without DES); Purple = LB + 1.2 MeCONH2; Green = LB + 600 mM AcChCl; Red = 
863 LB + 600 mM DES. In all cases, cultures were inoculated with pre-adapted cells. For each curve, the dots 
864 correspond to the average of three values obtained from three biological replicates, standard deviations 
865 were between ± 0.01 and ± 0.2.
866 SUPPLEMENTARY MATERIALS:
867
868 Supplementary Table 1: pH values in buffered media supplemented with 150 mM or 600 mM DES. DES 
869 was sterilised by UV and then added to sterilised cultures. These cultures were not inoculated with cells. 
870 SD values were ± 0.1 in all cases.
871
Time













877 Supplementary Table 2: summary of parameters related to cellular growth and percentage of growth 
878 inhibition in culture media supplemented with DES (600 Mm), acetylcholine chloride (AC) and acetamide 
879 (AT). DES was sterilized by UV while AC and AT were filtered using a 0,22-micron filter and then added to 
880 sterilized culture media. 

























Control 0.58 0.99 0.00 5.50 6.77 6.77
DES 
(600 mM) 0.36 0.93 21.44 5.50 6.34 5.87
AC 0.43 0.93 22.21 28.50 7.15 5.81






886 • DESs are promising compounds for organic chemistry and pharmacy. 
887 • Despite their advantages as reaction media, there is controversy about their toxicity.
888  Their toxicity was mainly assayed by antibiograms, which is not an accurate approach 
889 for DESs.
890  New guidelines for DESs toxicity monitoring are presented.
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